Eukaryotic translation initiation factor 5A (eIF-5A) is a ubiquitous protein found in all eukaryotic cells. The protein is closely associated with cell proliferation in the G 1 -S stage of the cell cycle. Recent findings show that the eIF-5A proteins are highly expressed in tumor cells and act as a cofactor of the Rev protein in HIV-1-infected cells. The mature eIF is the only protein known to have the unusual amino acid hypusine, a post-translationally modified lysine. The crystal structure of eIF-5A from Methanococcus jannaschii (MJ eIF-5A) has been determined at 1.9 Å and 1.8 Å resolution in two crystal forms by using the multiple isomorphous replacement method and the multiwavelength anomalous diffraction method for the first crystal form and the molecular replacement method for the second crystal form. The structure consists of two folding domains, one of which is similar to the oligonucleotide-binding domain found in the prokaryotic cold shock protein and the translation initiation factor IF1 despite the absence of any significant sequence similarities. The 12 highly conserved amino acid residues found among eIF-5As include the hypusine site and form a long protruding loop at one end of the elongated molecule.
Eukaryotic translation initiation factor 5A (eIF-5A) is a ubiquitous protein found in all eukaryotic cells (1) and archaea (2, 3) . The protein was named as such on the basis of early observations of its stimulatory effect on the initiation of protein biosynthesis in cell-free systems of eukaryotic cells (4) (5) (6) . Although the complete depletion of eIF-5A in yeast did not cause major changes in the rate of protein biosynthesis (7) , suggesting that eIF-5A is not absolutely necessary for general protein synthesis in eukaryotic cells, the requirement of eIF-5A for cell proliferation is well established. The depletion of eIF-5A in budding yeast (Saccharomyces cerevisiae) results in enlarged cells arrested in the G 1 phase of the cell cycle (7) . Yeast mutants with both of their eIF-5A genes knocked out produce nonviable spores (8) .
The eIF-5A is the only known protein in eukaryotic cells that contains the unusual amino acid hypusine, N -(4-amino-2-hydroxybutyl)-L-lysine (1) . The hypusine is synthesized via a two-step post-translational modification (1): the 4-aminobutyl moiety of a spermidine molecule is first transferred to the -amino group of a specific lysine residue by deoxyhypusine synthase (DOHS), then the intermediate deoxyhypusyl residue is hydroxylated by deoxyhypusine hydroxylase (DOHH). The inhibition of deoxyhypusyl hydroxylation in eIF-5A maturation correlates to a dose-dependent inhibition of DNA synthesis in the LAZ463 line of Epstein-Barr-virus-transformed human lymphoblastoid cells (9) . Mammalian cells treated with inhibitors of DOHS or DOHH fail to proliferate (10, 11) . These observations suggest that hypusine formation in eIF-5A may directly affect the expression of a selective set of genes involved in the G 1 -S boundary in the eukaryotic cell cycle. The enzymes DOHH and DOHS, which catalyze the maturation of eIF-5A, are regarded as potential targets for intervention in cell over-proliferation (9) .
In mammalian cells, eIF-5A is localized in both nuclear and cytoplasmic compartments and may also play a role in regulating mRNA transport and͞or protein translation (12) . It was found to be the cofactor of the Rev transactivator protein of HIV type 1 (HIV-1) and the Rex protein of human T-cell leukemia virus type I (HTLV-I). Since Rev͞Rex mediates the translocation of viral mRNAs from the nucleus to the cytoplasm, it is possible that eIF-5A may interact with a nuclear RNA export system (13, 14) .
It has been reported that the expression of eIF-5A is highly correlated to several pathways in human diseases. For example, the expression level of eIF-5A in human peripheral blood mononuclear cells is significantly up-regulated in HIV-1-infected patients compared with uninfected individuals (12) . A recent report showed that the hypusine formation activity is serum-responsive and is significantly elevated by more than 30-fold in Ras-oncogene-transfected mouse cells (15) . Conversely, human carcinoma cells that have been exposed to a cytostatic concentration of recombinant interferon ␣2 show a 75% reduction of hypusine synthesis and increased epidermal growth factor receptor expression at the tumor cell surface, which lead to a decreased proliferative index of the tumor cells (16) .
Homologs of eIF-5A have been found in archaea, such as Sulfolobus acidocaldarius, Halobacterium cutirubrum, and Thermoplasma acidophilum (2) . The gene encoding the eIF-5A homolog in Methanococcus jannaschii was cloned recently by the PCR method (17) . The gene product, MJ eIF-5A, has a 31% amino acid sequence identity with human eIF-5A and a 50% identity with the hypusine-containing protein from Sulfolobus acidocaldarius (Table 1) . The unique lysine modification site flanked by a conserved sequence strongly suggests that a common ancestry exists between this archaeal hypusinecontaining protein and the eukaryotic eIF-5A. This possibility is supported by the observation that MJ eIF-5A can be modified by DOHSs from human and yeast (M. H. Park, personal communication). In this paper, we report the crystal structures of MJ eIF-5A in two crystal forms at 1.9 Å and 1.8 Å resolution.
MATERIALS AND METHODS
Crystallization of the MJ eIF-5A Protein. A gene from M. jannaschii homologous to eIF-5A was cloned by the polymer-
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ase chain reaction (PCR) method, overexpressed in Escherichia coli, and its protein, MJ eIF-5A, was subsequently purified (17) . The protein could be modified by the DOHS from yeast and human cells with spermidine as a substrate (M. H. Park, personal communication). Crystallization experiments were conducted by using the sparse matrix screening method (18) , and two crystal forms of the protein were obtained by the vapor diffusion method. Crystal form I was grown at room temperature from a solution containing 10 mg͞ml protein, 0.1 M sodium acetate buffer at pH 4.6, and 8% (wt͞vol) polyethylene glycol (PEG) 4000. The space group of these crystals is P4 1 22 and the unit cell dimensions are a ϭ b ϭ 45.52 Å, c ϭ 155.59 Å. They have an appearance of a tetragonal bipyramid with average dimensions of 300 mm ϫ 300 mm ϫ 600 mm. The c-axis of these crystals is along the long axis of the bipyramid. Assuming a molecular mass of 14,636 Da and one molecule per asymmetric unit, the volume to mass ratio (Vm) is 2.76 Å 3 ͞Da (19), and the solvent content is 55%. Crystal form II was grown at 4°C from a solution containing 10 mg͞ml protein, 0.1 M Tris⅐HCl buffer at pH 8.5, 0.2 M MgCl 2 , and 30% PEG 4000. These crystals belong to space group C2 and have unit cell dimensions a ϭ 80.49 Å, b ϭ 40.18 Å, c ϭ 48.58 Å, and ␤ ϭ 124.30°. These crystals have the shape of a flat rectangular prism with average dimensions of 50 mm ϫ 300 mm ϫ 500 mm. Selenomethionine (Se-Met)-substituted MJ eIF-5A was also prepared and crystallized in space group P4 1 22 under the same conditions as those for crystal form I of the native protein but using small native crystals as microseeds.
Structure Determination. Crystal form I was used for the initial structure determination. A 1.9 Å full data set was collected at the Brookhaven National Synchrotron Light Source (NSLS) beam line X12B at room temperature with 0.95-Å synchrotron radiation. Heavy atom derivative data were also collected at room temperature by using an R-AXIS IIC imaging-plate detector mounted on a Rigaku rotating anode x-ray generator. Two sets of Hg data, one set of Ir data, and one set of Se data were used for the multiple isomorphous replacement (MIR) phase calculation ( Table 2) . Multiwavelength anomalous diffraction (MAD) data (20) were collected at beamline X4A at the NSLS. The Se-Met crystals were flash-frozen at 100 K in the presence of 8% glycerol as a cryoprotectant. The fЈ and fЉ of the Se were determined from the x-ray absorption spectrum. All collected data sets (Table  3) were processed with DENZO and reduced with the SCALE-PACK (21) .
The difference Patterson map between the HgCl 2 and the native data set was interpreted and the first heavy atom position was determined. The other heavy atom positions in Space group P4122; cell a ϭ b ϭ 44.11 Å, c ϭ 155.54 Å. Rsym ϭ (¥hkl,i ͉Ii Ϫ ͗I͉͘)͞(¥hkl,iIi). the other derivatives were identified in the difference Fourier maps by using the phases from HgCl 2 . The refinement of the heavy-atom parameters and the calculation of the MIR phases to 2.6 Å were performed with the program SHARP (ref. 22 ; Table 2 ). The initial MIR phases were improved by solvent flipping and extended to 1.9 Å with the program SOLOMON (23) . Five selenium sites were identified during the MIR phase calculation. These sites were used to calculate the MAD phases with the program MADSYS (ref. 19 ; Table 4 ), and the electron density was modified with the program DM (24) . The quality of the MIR map was excellent, with only two backbone interruptions (Fig. 1) . The MAD map generally confirmed the overall fold identified from the MIR maps. The model building was carried out with the program O (25) . The positional refinement, simulated annealing refinement, and temperature factor refinement were performed with the program X-PLOR (26) . The SigmaA weighted maps were calculated with the program SIGMAA (27). Because of weak electron densities in the Nterminal region (residues 0-3), the loop region around the residue Lys-40 (residues 41-42), and the C-terminal region (residues 134-135), we did not construct models for these regions. A Met was introduced before Val-1 in MJ eIF-5A, and residue number 0 was assigned. During the course of the refinement, 10% of the total reflections were flagged as a test data set and the free R-factor (28) was monitored.
The crystal structure of crystal form II was determined by the molecular replacement method with the program AMORE (29), using the model of crystal form I as a probe. The rigid body refinement was performed with X-PLOR for the solution of the molecular replacement. Refinement steps carried out were similar to those for crystal form I. The model of crystal form II contains 133 residues from 0 to 132. A poly(Ala) model was built in the first five residues of the N terminus. Structural evaluation with the program PROCHECK (30) indicates that the refined structure has good geometric parameters. All backbone dihedral angles fall within allowed regions in a Ramachandran plot. Table 5 lists the current status of the refinement of both crystal forms.
RESULTS AND DISCUSSION
Overall Structure. The crystal structure of MJ eIF-5A comprises two distinct antiparallel ␤-sheet domains arranged in an elongated fashion approximately 63 Å long and 26 Å wide. There are a total of 11 ␤-strands and a one-turn 3 10 helix ( Fig. 2A) . Domain I in crystal form II (residues 0-73) contains strands ␤1-␤6 and the helix. Domain II (residues 74-132), which is slightly smaller than domain I, contains strands ␤7-␤11. The ribbon diagram of the structure is shown in Fig. 2B . Domain I folds as a semi-open ␤-barrel in which strands ␤2, ␤3, ␤4, and ␤5 form an antiparallel open ␤-sheet covered by a smaller antiparallel ␤-sheet formed by ␤1 and ␤6. Strand ␤3 has a rather large twist such that the directions of its beginning and end differ by about 90°. Between strands ␤1 and ␤2 there is a one-turn helix that covers the open side of the ␤-barrel. The hypusine-modification site is located between strands ␤3 and ␤4, extending into a long, protruding loop. Domain II resembles the oligonucleotide-binding fold (OB fold) (33) found in the structures of several proteins such as Escherichia coli cold shock protein (34) , prokaryotic translation initiation factor IF1 (35), staphylococcal nuclease (36) , and the N-terminal domain of yeast Asp-tRNA synthetase (37) . Strands ␤7, ␤8, and ␤9 form one antiparallel ␤-sheet which forms a sandwich with another antiparallel ␤-sheet formed by ␤10, ␤11, and ␤7. The secondary structure assignments of the residues are shown in Fig. 2 A. Domains I and II have a similar ␤-barrel fold and can be overlapped with a 1.2 Å root-mean-square deviation (rmsd) from 31 C ␣ atoms (Fig. 3) . However, the topology connecting the two ␤-sheets in one domain is different from that of the other (Fig. 3) . , where ⌬͉F͉ is the absolute value of the Bijvoet difference at one wavelength (diagonal elements) or the dispersive differences between two wavelengths (off-diagonal element). The values for centric Bijvoet reflections, which would be equal to zero for perfect data and serve as an estimate of the noise in the anomalous signals, are shown in parentheses. The listed scattering factors fЈ and fЉ are the refined values for selenium atoms in the crystal of MJ eIF-5A. R ϭ ¥hkl[¥iʈFi͉ Ϫ ͗F͘ʈ͞¥hkl͉F͉. ЊFt is the contribution to the structure factor by normal scattering from all atoms. ЊFa is the contribution to the structure factor from the anomalously scattering atoms. Superscript°indicates the wavelength-independent value. ⌬(⌬) is the difference between two independent determinations of ⌬, which is the phase difference between ЊFt and ЊFa. 
MJ eIF-5A crystallizes in two crystal forms. Crystal form I belongs to space group P4 1 22, and form II to C2. In both crystals, residues 34-45, the highly conserved 12 residues containing the hypusine modification site (Lys-40), are located in a long protruding loop connecting ␤3 and ␤4. The conserved Lys-40 and His-41 are at the tip of this loop, which is located at the end of the elongated shape of the structure, and are fully exposed to solvent in both crystal forms. Residues His-41 and Gly-42 are disordered in crystal form I but are ordered in crystal form II. In crystal form II, this long loop is stabilized by the intramolecular backbone hydrogen bond between residues 39 and 43, and the intermolecular hydrogen bonds between the carbonyl atoms of residues 38 and 39 and the amide group of Gln-96 from a symmetry-related molecule.
In crystal form I, two of the molecules related by a crystallographic twofold rotation axis form a dimer connected by intermolecular hydrogen-bond interactions. The ␤3 strand of the domain I of one molecule interacts with the same strand of the twofold-related molecule by six interbackbone hydrogen bonds. These hydrogen bonds link the domain I of the two molecules side by side, forming a continuous six-stranded ␤-sheet (Fig. 4) . However, the crystal contacts in crystal form II are predominantly van der Waals contacts and side-chain interactions. No dimer-like interaction is found in crystal form II.
Two Domains with a Flexible Hinge. The tertiary structures of the two crystal forms of MJ eIF-5A are very similar except for the interdomain orientation. When domain I of crystal form II is superimposed onto that of crystal form I, domain II does not overlap well ( rately, the backbone rmsd for domain I alone is 0.5 Å and for domain II is 0.9 Å. The two domain IIs can be brought together by the rotation of one domain approximately 7°about the axis along the length of the molecule, suggesting that the two domains are connected by a flexible hinge. This structure agrees with the fact that the average atomic temperature factor (B) of domain II is approximately 50% higher than that of domain I in both crystal forms (Table 6) .
Biological Implications. The conformation of the 12 conserved residues containing the hypusine modification site of the eIF-5A is of critical importance for hypusine formation. Enzymology studies showed that the unmodified recombinant human eIF-5A and MJ eIF-5A are good substrates of human DOHS (M. H. Park, personal communication). However, neither the free lysine, nor the synthetic 9-or 16-mer peptides surrounding the modification site of the human eIF-5A, nor a mutant protein (Lys-50 mutated to Arg) of the human eIF-5A functioned as substrate for human DOHS (1), suggesting that the conformation of this region is important for the modification reaction. The structural features of MJ eIF-5A strongly suggest that it binds to nucleic acid because spermidine, a precursor of hypusine in domain I, is known to bind to tRNA (38) and domain II has the oligonucleotide-binding fold.
The surface charge distribution of MJ eIF-5A is very distinctive. Domain I contains six acidic amino acid residues and 11 basic residues. Five of the basic residues are located in the 12 conserved residues surrounding Lys-40, which is subject to modification. Conversely, domain II has 11 acidic and five basic residues. No basic residue was found in residues 80-126, the core of domain II. Consequently, the three-dimensional structure of MJ eIF-5A is highly polar as shown in Fig. 6 . The polarization of the charge distribution and the flexibility of the interdomain hinge described above may play important roles in the protein-protein and protein-RNA interactions. These properties may be implicated in the function of eIF-5A as a cofactor of the Rev͞Rex proteins of HIV-1͞HTLV-I (13, 14) and as a translation initiation factor selective for a particular subset of mRNAs encoding proteins that are critical for the initiation of DNA replication (1).
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